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22 Abstract: This work concerns how crosslinker amount (N, N’-methylene-bisacrylamide) affects the 
23 microstructural, absorbent and rheological features of one-step prepared starch-based superabsorbent 
24 polymers at a high starch concentration (0.27:1 w/w starch-water). The increased crosslinker amount 
25 evidently altered the microstructure and the absorbent and rheological features. Then, the variations 
26 in starch-based superabsorbent polymer properties were discussed from a microstructure viewpoint. 
27 Particularly, the higher crosslinker quantity rose the crosslinking density and the ratio (GR) of 
28 grafted anhydroglucose unit on starch backbone (from 27% to 52%), but short the average 
29 polyacrylamide (PAM) chain length (LPAM). These structural features suppressed the chain stretch 
30 within starch-based superabsorbent polymer fractal gels (confirmed by smaller Rg value) and 
31 promoted the formation of smaller chain networks, thus weakening the water absorption to the 
32 starch-based superabsorbent polymer chain networks. Also, the increased GR and reduced LPAM, with 
33 lowered chain extension and elevated crosslinking density, probably decreased the flexibility and 
34 mobility of chain segments in starch-based superabsorbent polymer gel matrixes. This caused the 
35 enhanced robustness and storage modulus of the gels with reduced chain energy dissipation ability. 





































































46 1.  Introduction
47 Superabsorbent polymers (SAPs), as three dimensionally crosslinked hydrophilic polymers, are 
48 capable of absorbing and retaining significant amounts of water and the related liquids. With 
49 intrinsic advantages over conventional water-absorbing materials such as sponge, cotton and pulp, 
50 SAPs have enormous potentials for development of various valuable products such as slow release 
51 fertilizers [1, 2], soil conditioners [3], self-healing cementitious materials [4], coal dewatering 
52 materials [5], drug delivery systems [6], and hygienic products [7]. Despite these potentials, the 
53 SAPs derived from primarily synthetic polymers often show poor biodegradability and renewability, 
54 which can cause environmental issues. To address such problems, there has been huge interest in the 
55 design of ‘greener’ SAPs from natural polymers such as starch due to their abundance, 
56 biodegradability, renewability, and biocompatibility.
57 Starch-based SAP (starch-SAP) is a characteristic natural polymer derived SAP, and is normally 
58 prepared by solution polymerization. The solution methods involve tedious multi-step reactions 
59 (such as polymerization and saponification) and are time-consuming and energy-intensive [8, 9]. 
60 Moreover, the starch concentration in common solution systems is relatively low (typically smaller 
61 than 10%) [10], due to the high viscosity of gelatinized starch in the reaction system. This low starch 
62 content inevitably allows the generation of large quantities of chemical wastes, such as waste water. 
63 Therefore, great efforts have been made to develop innovative technologies for cost-effective and 
64 eco-friendly preparation of starch-SAPs at high starch concentrations. 
65 In present work, an one-step method, based on a HAAKE twin-roller rotor mixer with oxygen-
66 free reaction atmosphere [11], was established to synthesize starch-SAPs at a high starch 
67 concentration (0.27 : 1 w/w starch : water). This one-step mixing method could effectively process 
68 the high-viscos reaction materials, and allow the preparation procedures being within just one 





























































70 To rationally design starch-SAPs with associated performance, it is indispensable to disclose 
71 how the reaction conditions, such as starch features, hydrophilic monomers and crosslinkers, affect 
72 the microstructure and application-related properties of starch-SAP. Previous findings have revealed 
73 the influence of the reaction conditions such as amylose/amylopectin ratio on the structural features 
74 and the properties (e.g., water absorption rate) for starch-SAPs prepared by solution methods and 
75 reactive mixing method. The results revealed that the increase in amylose/amylopectin ratio can 
76 increase the water absorbent capacity by altering the molecular structure and the network of starch-
77 SAPs on micron scale [10, 12, 13].Also, the crosslinking density can change the network structure 
78 and porosity of SAPs synthesized at low starch concentrations and eventually the absorption 
79 behaviors [14]. Nonetheless, it is still unclear how the crosslinking agent amount governs the 
80 microstructure and practical properties (e.g., water absorbent capacity and rheological features) of 
81 starch-SAP prepared at a high starch concentration using the one-step mixing method mentioned 
82 above. 
83 Hence, our work rationalizes the impacts of crosslinking agent on the absorption and 
84 rheological behaviors of starch-SAP synthesized at a high starch concentration from a microstructure 
85 viewpoint. Particularly, regular maize starch was applied to react with acrylamide monomers, with 
86 the presence of a crosslinking agent (N, N’-methylene-bisacrylamide (MBA)) and an initiator (ceric 
87 ammonium nitrate (CAN)). Then, along with the structure-property results of the starch-SAPs, how 
88 the crosslinker influences the absorption and rheological properties of starch-SAP was understood 
89 based on the microstructural (molecular and fractal) features. These results are of value for the 
90 rational development of starch-SAPs under high material concentrations for various applications 
91 with related performance. 
92
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96 Regular maize starch (amylose content 23%) was supplied by Huanglong Food Industry Co., 
97 Ltd (China). The original moisture content of maize starch was 13.4%, as measured using a moisture 
98 analyzer (MA35, Sartorius Stedim Biotech GmbH, Germany). Other chemicals were of reagent 
99 grade, including acrylamide (AM) supplied by Tianjin Kemeou Chemical Reagent Co., Ltd (China), 
100 N,N’-methylene-bisacrylamide (MBA) acquired from Shanghai Yuanju Biotechnology Co., Ltd 




105 2.2 Starch-SAP synthesis at high starch concentration
106 A HAAKE Rheocord Polylab RC500p system with a Rhemix 600p twin-roller rotor mixer 
107 (ThermoHaake, Germany), was used to prepare starch-SAP samples at a relatively high starch 
108 concentration (0.27:1 w/w starch : water), since the mixer could provide high torque to process high-
109 viscous materials. For the samples, 12.0 g of starch (dry basis), 18.0 g of acrylamide, a certain 
110 amount of MBA (0.02 g, 0.06 g, 0.10 g, 0.14g or 0.18 g), and 45.0 g of boiling water were placed 
111 into the chamber of the HAAKE mixer. Then, at 80 °C chamber temperature, the HAAKE twin-
112 roller rotor mixer kneaded at 80 rpm for 10 min to fully gelatinize the high concentration starch with 
113 intense shear stress. Then, N2 was bubbled into the chamber for 10 min to remove oxygen, and the 
114 temperature of the reaction system was cooled to 60 °C. The CAN solution (0.75 g of CAN in 5.0 
115 mL of distilled boiling water) was added, and mixed at 80 rpm for 10 min, followed by addition of 
116 sodium hydroxide solution (10.14 g of sodium hydroxide in 10.0 mL of distilled water) for another 
117 10 min mixing. Then, the crude starch-SAP was obtained, and was washed for 5 times with  distilled 
118 water and 5 times with methanol to remove the free polymer [10]. Each of the fully washed starch-





























































120 In the following, codes as “starch-SAP-2” will be used, in which “2” indicates the amount (i.e., 0.02 
121 g) of MBA crosslinking agent used for starch-SAP synthesis. 
122
123
124 2.3 Thermogravimetric analysis (TGA)
125 The proportion (CPAM) of polyacrylamide (PAM) chains grafted in starch-SAP was measured by 
126 a PerkinElmer Diamond TGA, according to an earlier report [15]. The starch-SAP was heated from 
127 35 to 600 °C at 10 °C /min in nitrogen atmosphere. 
128
129
130 2.4 Nuclear magnetic resonance (NMR) spectroscopy
131 A Varian NMR 500 system was used to collect the high-resolution 13C NMR spectra at a 125 
132 MHz resonance frequency. The 13C NMR spectra were obtained with a 10 mm solution probe-head 
133 at 323.2 K. The chemical shifts of amorphous starch and starch-SAPs were determined using heavy 
134 water (D2O) as internal reference. The grafting of PAM onto starch chain alters the chemical shifts of 
135 anhydroglucose carbons and thus generates new peaks nearby original resonances. Thus, relative to 
136 the starch, the newly-formed resonances of starch-SAP corresponded to the PAM-grafted starch 
137 carbons, and the residual starch resonances of starch-SAP were related to the unreacted starch 
138 carbons. Consistently, the ratio (GR (%)) of specific starch (anhydroglucose) carbons grafted with 
139 PAM and the average length (LPAM) of PAM chains grafted onto starch backbone could be calculated 
140 with Eq. (1) and (2).
141
142 GR = Anew / (Aunreacted + Anew) × 100%                                       (1)






























































145 In these equations, Anew and Aunreacted are the resonance peak area for PAM-grafted starch carbons and 
146 that for unreacted carbons, respectively; CPAM and Cstarch are the proportion of PAM and that of 
147 starch in starch-SAP, respectively; MAA-Na and Manhydroglucose are the molar mass of sodium acrylate 
148 and that of anhydroglucose, respectively.
149
150
151 2.5 Synchrotron small angle X-ray scattering (SAXS)
152 The SAXS/WAXS beamline (flux, 1013 photons/s) at the Australian Synchrotron (Clayton, Vic, 
153 Australia) was applied to conduct the SAXS experiments at a X-ray wavelength λ = 1.47 Å. The 2D 
154 scattering data were recorded by a Pilatus 1M camera (active area 169 × 179 mm; pixel size 172 × 
155 172 μm) and were transformed into the one-dimensional scattering patterns with the scatterbrain 
156 software. The swollen starch-SAPs were used as the samples, and the scattering of pure water with a 
157 Kapton tape (5413 AMBER 3/4IN X 36YD, 3 M, USA) on the stage window was used as the 
158 background data. All of the scattering data were background subtracted and normalized. 
159 The patterns in the angular range of 0.015 < q < 0.20 Å−1 were used as the SAXS data (q = 
160 4πsinθ/λ, where 2θ is the scattering angle and λ is the wavelength of the X-ray source). The SAXS 
161 patterns were fitted using a unified model (Eq. 3) [16-18].
162









165 Here, G is the pre-factor of the Guinier function corresponding to a radius Rg; B and p are the pre-































































169 2.6 Water absorbent capacity (WAC)
170 A home-made bag (300 mesh screen cloth; 4×13 cm) containing ca. 0.50 g of dried starch-SAP 
171 was immersed into excess distilled water to soak at ambient temperature (26 °C) for 1 h. Then, the 
172 free water was removed from the bag using paper towel, and the weight of the swollen starch-SAP 
173 was weighed. The WAC (g/g) value was calculated based on Eq. (4).
174
175         WAC = (M1 – M2)/M2                                                       (4)
176
177 Where M1 and M2 (g) is the weight of swollen starch-SAP and that of dried starch-SAP, respectively. 
178 All the results were the averages of three replicates. 
179
180
181 2.7 Rheological features 
182 The rheological properties of swollen starch-SAPs, absorbing the same amount of water (50 
183 g/g), were evaluated using a controlled stress rheometer (Discovery HR-2, TA, USA) with a cone 
184 plate (diameter 40 mm; cone angle 1°) at a gap of 1.0 mm. Oscillatory strain sweeps of swollen 
185 starch-SAP samples were performed at 1 rad/s and at 25 °C in a strain range of 0.1~100 %. The 
186 frequency sweeps were done at 1 % strain and at 25 °C in a frequency range of 0.01~100 rad/s. 
187
188
189 2.8 Statistical analysis
190 Data were expressed as means ± standard deviations (SD). A statistical difference of P < 0.05 
191 was considered to be significant. Linear regression fitting and regression analysis were carried out in 































































195 3.  Results and discussion
196 3.1 TGA analysis for CPAM
197 The thermogravimetric (TG) curve and its derivative (DTG) curve of starch-SAP-2 are 
198 presented in Fig. 1a, and the TG curves of starch-SAPs are shown in Fig. 1b. The DTG curve of 
199 starch-SAP-2 revealed three unambiguous stages for the decomposition of starch-SAP. According to 
200 earlier findings [15], the three stages were related to the dehydration (ca. 30-200 °C), the degradation 
201 of starch (ca. 250-350 °C) and the PAM chains on starch-SAPs (ca. 380-570 °C). There were no 
202 apparent differences in the thermal degradation temperature among the starch-SAPs (Fig. 1b). Using 
203 the percentage of each weight loss on DTG curves, the PAM contents (CPAM) in starch-SAPs were 
204 calculated [19] and are listed in Table 1. The five starch-SAPs did not show significant differences 
205 in CPAM, indicating that the MBA crosslinker content negligibly affected the amount of PAM chains 
206 grafted on the starch-SAPs.
207
208
209 3.2 13C NMR analysis for GR and LPAM
210 The 13C NMR spectra of starch and starch-SAPs are shown in Fig. 2. Consistent with earlier 
211 reports [20, 21], the C1 to C6 carbons in starch anhydroglucose units were clearly identified, 
212 including the peaks at ca. 101.0 and 79.4 ppm for C1 and C4 respectively, the resonance peaks 
213 between 74.2 and 72.4 ppm for C2, C3, and C5, and the peak at ca. 61.5 ppm for C6. Other than the 
214 C1 to C6 resonances on anhydroglucose units, the starch-SAPs exhibited additional resonances in the 
215 range of 183.3-77.2 ppm for the amide carbonyl of PAM and the resonances between 49.3 and 36.1 
216 ppm for the hybridized carbon (CH2CH)n units of PAM chains [22]. In addition, there were new 
217 peaks presenting nearby the C2, C3 and C5 of starch anhydroglucose units, indicating that part of the 





























































219 Graft polymerization of acrylamide onto starch was initiated by generating free radicals on 
220 starch chains, followed by grafting acrylamide onto starch backbone [23]. The ratio (GR) of C2, C3 
221 and C5 grafted with PAM and the average length (LPAM) of PAM chains grafted onto starch 
222 backbone are recorded in Table 1. The increase in MBA amount could increase the value of GR but 
223 reduce the value of LPAM. As we known, the MBA could graft directly onto C2, C3 and C5 in 
224 anhydroglucose units, or onto PAM chains. The latter case would terminate the PAM chain 
225 propagation and contribute to the grafting of AMs onto anhydroglucose units. Thus, the higher 
226 amount of MBA allowed more C2, C3 and C5 involved into the graft reaction (as reflected by the 
227 increment of GR). Since LPAM (the average length of PAM chains) was positively correlated to CPAM 
228 and negatively related to GR (Eq. 2), the negligibly evolved CPAM and the evidently increased GR 
229 could result in a gradual reduction in the LPAM as the amount of MBA rose.
230
231
232 3.3 Fractal structure of starch-SAP gels
233 Fig. 3 includes the SAXS patterns of starch-SAPs after water absorption. The swollen starch-
234 SAPs exhibited an inflection point at about 0.04-0.05 Å-1, correlated with the Guinier scattering 
235 behavior from a structure with a radius of gyration Rg (Å) [18, 24]. In present work, Rg can be 
236 ascribed to the size of fractal gels formed by starch chains, PAM chains and water molecules. Table 
237 1 lists the fitted Rg and the power law exponent (p) for starch-SAPs. The p value can be used to 
238 describe the disordered objects which displayed geometrically self-similar structure under 
239 transformation of scale. The p value ranged from approximately 1.50 to 1.95, indicating that the 
240 starch-SAP gels showed a mass fractal structure (Beaucage, 1996). For the mass fractal structure, the 
241 p value (equal to mass fractal dimension Dm) is positively related to the compactness of the structure 
242 [25]. In Table 1, the mass fractal gels of starch-SAP-2 displayed a Rg value of 96.5 Å and a p value 





























































244 for starch-SAP mass fractal gels. That is, the increase in MBA crosslinker could restrict the chain 
245 extensions within the mass fractal gels constructed by starch and PAM chains with water molecules.
246
247
248 3.4 Water absorbent capacity (WAC)
249 Table 1 also presents the WAC results for the starch-SAPs prepared under the high starch 
250 concentration. The results revealed that the increased MBA amount resulted in a reduced WAC. This 
251 reduction could be associated with the variations in the microstructural features of starch-SAPs 
252 (illustrated in Fig. 4). Previous results revealed that the WAC of starch-SAP was associated with the 
253 PAM content due to the hydrophilicity difference for functional groups on starch and PAM chains. It 
254 is also related to the average chain length of PAM since a larger average chain length could lead to 
255 the formation of relatively larger networks for starch-SAP and allow it hold more water molecules 
256 [12]. In the present study, the increase of MBA crosslinker allowed the unaffected content of 
257 hydrophilic PAM chains in the SAPs (shown by unchanged CPAM), the increased ratio of starch 
258 carbons grafted with PAM chains (reflected by increased GR), and the shortened average length of 
259 PAM chains (revealed by reduced LPAM). Together with the increased crosslinking density, such 
260 structural features (the higher GR and the smaller LPAM) not only suppressed the chain extensions 
261 within the starch-SAP gels, as confirmed by the reduced fractal gel size Rg with increased 
262 compactness p, but also were preferable for the formation of starch-SAP chain networks with a 
263 reduced size. In this way, the absorbing (and holding) events of water molecules into the molecule 
264 chain networks of the starch-SAPs could be weakened, which induced a reduction in the water 
265 absorbent ability indicated by WAC. 
266
267





























































269 Fig. 5 includes the storage modulus (G') profiles under oscillatory strain sweeps and frequency 
270 sweeps, and the loss factor (tan δ) profiles under frequency sweeps for the starch-SAPs prepared at 
271 the high starch concentration. As presented in Fig. 5a, the G' plots possessed a similar linear 
272 viscoelastic region (LVR) below 2%-3% strains for the starch-SAPs. Then, a strain of 1% was used 
273 to conduct the frequency sweeps to ensure a linear viscoelastic response. In the whole frequency 
274 range, the starch-SAPs showed dominantly elastic features (G'  G'') (Fig. 5b and Fig. S1 in 
275 supplementary material). In Fig. 5b, the starch-SAP-2 gel had a more prominent increase in G' as the 
276 frequency rose than did other SAPs, indicating less robust gel matrixes. Also, the increased MBA 
277 induced an overall increase in G' profile. 
278 In fact, for crosslinked polymer, the chains between the junction points (viz., “chains in-
279 between”) dominantly response to the external stress via chain compression or stretch [26]. The 
280 swollen starch-SAPs contained predominantly two kinds of “chains in-between”, including the PAM 
281 chains with one end linked to -OH on anhydroglucose units and the other end to MBA crosslinker 
282 and the segments of starch chains with two ends grafted by PAM chains (see Fig. 4a). The higher 
283 MBA amount increased the ratio of starch carbons grafted with PAM (shown by the larger GR), and 
284 topologically divided the starch chains into shorter fragments. These shortened chain segments and 
285 the reduced PAM chain length (indicated by the smaller LPAM) could display greater rigidity than the 
286 longer counterparts, and eventually displayed robustness and storage modulus for the starch-SAP gel 
287 matrixes. In addition, the increased crosslinking density and the less stretched starch-SAP chains 
288 (shown by the reduced size and the increase density for the mass fractal gels) also contributed to 
289 enhancing the resistance of the gel matrixes to external stress (the higher robustness and storage 
290 modulus) (Fig. 4b). 
291 Furthermore, the loss factor tan δ (defined as G''/G') is an indicator of the energy dissipated by 
292 the internal friction between the starch-SAP chains upon their movement. Fig. 5c includes the loss 





























































294 the energy dissipation maximum throughout the frequency range used. Note that the intensity of tanδ 
295 peak gradually reduced with the MBA amount rising. Like the discussion for storage modulus, using 
296 more MBA crosslinker led to the increased ratio of starch carbons grafted, the shortened PAM chains, 
297 the risen crosslinking density and the weakened stretch of molecule chains. These tended to reduce 
298 the flexibility of chains within starch-SAP gel, thus resulting in the lower mobility of the chains (a 
299 reduced strain under the same external stress). As a consequence, the mechanical energy dissipation 




304 4.  Conclusions
305 This work has revealed how the MBA crosslinker amount influences the microstructure and the 
306 absorbent and rheological features for starch-SAPs prepared by a one-step method at the high starch 
307 concentration. Note that the increase in MBA amount could substantially alter the microstructural 
308 features and thus the absorbent and rheological properties of starch-SAPs. Then, the evolutions in 
309 starch-SAP properties were discussed from a viewpoint of microstructure. 
310 Specifically, other than the increment of crosslinking density, the higher quantity of MBA 
311 allowed the increased ratio (GR) of starch carbons grafted by PAM, and the shortened average length 
312 (LPAM) of PAM chains. Such structural features certainly suppressed the chain stretch within starch-
313 SAP mass fractal gels, and contributed to the formation of starch-SAP chain networks with a reduced 
314 size; this weakened the absorbing (and holding) events of water molecules into the molecule chain 
315 networks of starch-SAP matrixes. Then, a reduction in the water absorbent ability occurred with the 
316 MBA amount rose. On the other hand, the reduced GR and LPAM, with lowered chain extension and 
317 elevated crosslinking density, decreased the flexibility and mobility of chain segments within the 





























































319 storage modulus as well as the reduced energy dissipation (reflected by loss factor) of chains. In 
320 addition, the results confirmed that the starch-SAPs with higher WAC displayed the lower robustness 
321 and storage modulus, indicating a lower capability to keep water for those SAPs related to their 
322 relatively low crosslinking density.
323 The present work enables a well understanding of the properties of one-step prepared starch-
324 SAPs at high starch concentration, and thus is valuable for rationally developing ‘greener’ starch-
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393 Fig. 1 TG and DTG curves of starch-SAP-2 (a), and TG curves of starch-SAPs (b) (starch-SAP-2, 
394 starch-SAP-6, starch-SAP-10, starch-SAP-14, and starch-SAP-18). 
395 Fig. 2 NMR spectra of amorphous starch and starch-SAPs prepared at high starch concentration 
396 (starch-SAP-2, starch-SAP-6, starch-SAP-10, starch-SAP-14, and starch-SAP-18) with an inserted 
397 schematic structure for anhydroglucose unit. 
398 Fig. 3 SAXS patterns and their fit curves of starch-SAPs prepared at high starch concentration 
399 (starch-SAP-2, starch-SAP-6, starch-SAP-10, starch-SAP-14, and starch-SAP-18).
400 Fig. 4 Schematic representation for formation of three-dimensional network of starch-SAP (a), and 
401 for how crosslinker amount affects the water absorbent and rheological features of starch-SAP (b).
402 Fig. 5 Storage modulus (G') plots under oscillatory strain sweeps (a) and under frequency sweeps 
403 (b), and loss factor tan δ plots under frequency sweeps (c) for the starch-SAPs. 
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407 Fig. 2 
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411 Fig. 3 
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416 Fig. 5  
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417 Table 1 Molecular parameters of starch-SAPs prepared at high starch concentration (starch-SAP-2, 
418 starch-SAP-6, starch-SAP-10, starch-SAP-14, and starch-SAP-18) A 
starch-SAP-2 starch-SAP-6 starch-SAP-10 starch-SAP-14 starch-SAP-18
CPAM (%) 50.32±0.23aB 49.39±0.83a 50.30±1.32a 51.20±0.40a 49.91±0.26a
GR (%) 27.01d 25.93d 39.39c 45.65b 52.15a
LPAM 6.46a 6.49a 4.43b 3.96c 3.29d
Rg (Å) 96.5±1.8a 83.3±0.5 b 82.7±1.4b 79.5±1.5c 79.9±1.0c
p 1.51±0.02c 1.97±0.01a 1.75±0.03b 1.81±0.03b 1.95±0.03a
WAC (g/g) 212.12±0.51a 123.24±1.87b 113.85±2.00c 110.10±0.50d 92.20±1.50e
419 A Parameter from TGA analysis: CPAM, the proportion of PAM chains grafted on starch-SAP. Parameters from 
420 NMR analysis: GR (%), the ratio of specific starch (anhydroglucose) carbons grafted with PAM; LPAM, the 
421 average length of PAM chains grafted onto starch backbone. Parameters from SAXS analysis: Rg (Å), the 
422 radius of fractal gel; p, the exponent of the power-law function. Parameter from water absorption testing: 
423 WAC (g/g), water absorbent capacity. 
424 B Values followed by the different lowercase letter within a row differ significantly (P  0.05)
